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The effects of high-frequency ultrasound and mean fluid shear on turbulent mixing with a rapid
chemical reaction were experimentally investigated in three types of liquid mixing-layer flow
downstream of a turbulence-generating grid; pure grid-generated turbulence, grid-generated
turbulence with high-frequency ultrasonic irradiation, and grid-generated turbulence with mean fluid
shear. Instantaneous velocity and concentration were simultaneously measured using the
combination of a laser-Doppler velocimeter and a laser-induced fluorescence method. The results
show that turbulent mixing and chemical reaction are promoted by ultrasonic irradiation and mean
fluid shear. The amount of chemical product in grid-generated turbulence with high-frequency
ultrasonic irradiation is much larger than that in grid-generated turbulence with mean fluid shear,
despite turbulent mass transport being enhanced at an equivalent level in both flows. This is
attributed to the difference in turbulent mass transport at small scales. Ultrasonic irradiation more
enhances the mass transport at smaller scales than by mean fluid shear, whereas mean shear can
promote the mass transport only at larger scales. As a result, high-frequency ultrasound can be
regarded as a better tool for promoting turbulent mixing and chemical reaction than mean fluid
shear. © 2002 American Institute of Physics. @DOI: 10.1063/1.1518508#
I. INTRODUCTION
Turbulent reacting flows can be seen in many industrial
plants such as chemical reactors and in the atmospheric
boundary layer with turbulent diffusion of reactive contami-
nants like NOX and SOX exhausted from automobiles or
power plants. It is, therefore, of great importance in fluid and
environmental engineerings to study the turbulent reactive-
diffusive mechanism and to propose a method to control
~promote or retard! the progress of the chemical reaction.
When two nonpremixed reactants, A and B , are intro-
duced into a turbulent flow, the chemical reactants are con-
vected and mixed mainly by turbulent motions, and the
chemical reaction proceeds through molecular diffusion at
the complicatedly deformed interface between two reactive
fluids. Therefore the turbulence structure plays an important
role in the progress of chemical reaction until two reactants
are perfectly mixed up to the minimum scale of turbulence:
the Batchelor scale.1 This means that it is significant in pro-
moting chemical reaction in a nonpremixed turbulent react-
ing flow to intensively deform the interface between two
reactive fluids at small scales.
One of the promising methods for modifying turbulence
structure and promoting chemical reaction is the use of mean
fluid shear.1 Mean fluid shear is usually generated by veloc-
ity difference between two reactive fluids. But experiments
indicate that the mean fluid shear enhances turbulent mixing
mainly at large scales but not at small scales that play an
important role in the progress of chemical reaction. Recently
Nagata and Komori2 experimentally investigated the effects
of unstable stratification and mean fluid shear on turbulent
mixing and chemical reaction. They concluded that the tur-
bulent mixing is enhanced at both large and small scales by
buoyancy under unstable, density-stratified conditions. The
buoyancy-driven mixing promoted the chemical reaction
more vigorously than the sheared mixing with an equivalent
turbulence level. The results suggest that chemical reaction
in a nonpremixed turbulent reacting flow is effectively pro-
moted by applying a technique that can enhance turbulent
mixing at both large and small scales. In the present study,
we propose the use of high-frequency ultrasound as a new
technique for promoting turbulent mixing and chemical re-
action.
It is well known that when ultrasound is irradiated to
liquids, two phenomena, acoustic cavitation and acoustic
streaming, appear in the liquids. The acoustic cavitation as-
sociated with bubbles3–6 is generated by intense pressure
fluctuations in the ultrasonic field, and low-frequency ultra-
sound with frequency less than 100 kHz is much more effec-
tive for generating cavitation than high-frequency ultra-
sound. The acoustic streaming is a steady flow generated by
energy gradient of the ultrasonic wave. There are two types
of acoustic streaming, depending on the frequency of the
ultrasound. One is Rayleigh streaming.3,4,7 This streaming
can be observed in a stable standing wave field which is
generated by a low-frequency ultrasonic irradiation in static
liquids. It is a vortex-like flow and the scales of the flow are
smaller than the wavelength of the ultrasound. The other is
Eckart streaming.8–10 The scales are larger than the wave-
length of the ultrasound in this case, which can usually be
seen when high-frequency ultrasound is irradiated to liquids.
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Many previous studies have reported that mass transfer
in liquids is promoted by ultrasonic irradiation. However,
these studies on the effects of ultrasound on mass transfer
have mainly dealt with static fluids,3–6,8–10 and the effects of
ultrasound in laminar or turbulent flow have scarcely been
investigated. In particular no studies have referred to the tur-
bulent mixing and reactive-diffusive mechanism under ultra-
sonic irradiation. Indeed, the effects of ultrasound on chemi-
cal reactions have been studied in the field of sonochemistry,
but these studies have aimed to investigate the effects of the
particular phenomena in relation to acoustic cavitation under
low-frequency ultrasonic irradiation, not to clarify the
reactive-diffusive mechanism in the fluids.4–7 Although some
studies have reported that a large-scale flow is originated
when strong low-frequency ultrasound is irradiated to static
liquids, they have considered the large-scale flow in relation
to the motions of the bubbles in acoustic streaming.5–7 To
investigate the effects of ultrasound on turbulent mixing and
reactive-diffusive mechanism, we have to distinguish the two
effects of acoustic streaming and acoustic cavitation. For
high-frequency ultrasound, which generates little acoustic
cavitation, some studies investigated the effects on mass
transfer in initially static liquids,8–10 but they have not dealt
with the effects on chemical reaction.
The purpose of this study is to clarify the effects of
high-frequency ultrasonic irradiation on turbulent mixing
and chemical reaction in a reacting liquid flow. In this study,
we experimentally investigate the turbulence structure under
high-frequency ultrasonic irradiation, which generates strong
acoustic streaming of the Eckart type and little acoustic cavi-
tation, and we discuss the effectiveness of high-frequency
ultrasound as a tool for promoting turbulent mixing and
chemical reaction in comparison with the promoting effects
of mean fluid shear.
II. EXPERIMENTS
Figure 1 shows the schematic of the experimental appa-
ratus and measuring system. The test apparatus used was a
rectangular water tunnel made of polymethylemethacrylate
~PMMA!, 1.5 m in length and 0.130.1 m in cross-section. A
turbulence-generating grid was installed at the entrance to
the test section, of round-rod, square-mesh, single-biplane
construction. The mesh size, M , and diameter of the rod, d ,
were 2.031022 m and 3.031023 m, respectively.
The experimental conditions are listed in Table I. The
experiments were carried out in three types of flow. The first
type is typical grid-generated turbulence without any body
force ~hereinafter referred to as the pure GT: Run I!. The
flow was completely separated by a splitter plate into upper
and lower streams from the reservoir tanks until the entrance
to the test section. The mean velocities of the upper and
lower streams, U1 and U2, were set to the same value of
0.125 m s21, and the temperature of both the streams was set
to 296 K. The Reynolds number based on the mesh size M
~50.02 m! and cross-sectionally averaged velocity Ua, ReM ,
was 2500. The effects of the splitter plate on turbulent mo-
tions were confirmed to be negligibly small by comparing
the turbulence intensities between two cases with and with-
out the splitter plate.
The second flow type is grid-generated turbulence with
high-frequency ultrasonic irradiation ~hereinafter referred to
as the GT with ultrasound: Run II!. The ultrasonic transduc-
ers ~KAIJO 7857T! are installed at both the bottom (y /M
522.5) and top (y /M52.5) walls of the test section in the
streamwise region of x/M53.3– 11.5, so the ultrasound was
irradiated from the both walls. The frequency of the ultra-
sound, FU , was 950 kHz, and the electrical input for each
ultrasonic generator ~KAIJO 68101! was 80 W (3.6
3103 W m22). In this condition, few bubbles were pro-
duced by acoustic cavitation, and the diameters of bubbles
estimated by flow visualization were less than 0.1 mm. When
the relative velocity between a bubble and fluid was set to
the maximum value; the terminal velocity of 1.0 cm/s, the
Reynolds number based on the relative velocity, Rep , was
about 1. Therefore, for such small Reynolds numbers, the
effect of bubbles on fluid motion was neglected.11 The ther-
mal effect of the present low-power ultrasound was also neg-
ligibly small. The mean velocities of the upper and lower
streams, U1 and U2, were set to the same value of
0.125 m s21, as in the pure GT ~Run I!.
The third flow is the mixing-layer type of sheared flow
with grid-generated turbulence ~hereinafter referred to as the
GT with mean shear: Run III!. The initial velocity difference
between the upper and lower streams, DU (5U12U2), was
0.04 m s21 (U150.145 m s21 and U250.105 m s21). The
value of the velocity difference was chosen to set the amount
of vertically transported reactant across the horizontal plane
FIG. 1. Schematic of the experimental apparatus and measuring system.








I-NR 12.531022 0 0 Nonreacting
I-R 12.531022 0 0 Reacting
II-NR 12.531022 80 0 Nonreacting
II-R 12.531022 80 0 Reacting
III-NR 12.531022 0 4.031022 Nonreacting
III-R 12.531022 0 4.031022 Reacting
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of y /M50 to the same value as that in the GT with ultra-
sound ~Run II!. Since the cross-sectionally averaged velocity,
Ua, was set to the same value of 0.125 m s21, the Reynolds
number, ReM , in the GT with mean shear ~Run III! was
2500, as in the Runs I and II.
The combinations of species A in the lower layer and B
in the upper layer are listed in Table II. For nonreacting flow,
fresh water without any chemical species was used as species
A , and an aqueous solution with sodium fluorescein dye,
uranine (C20H10Na2O5), was used as species B . For reacting
flow, acetic acid (CH3COOH) and ammonium hydroxide
(NH4OH) was used as species A and B , respectively. The
neutralization between the weak acid and the weak base is
expressed as an irreversible second-order rapid reaction
CH3COOH1NH4OH→CH3COONH41H2O.
The reaction rate constant, k , was of the
order 108 m3 mol21 s21. The Damko¨hler number,
DaL (5t1 /t3), which is the ratio of the time scale of tur-
bulent diffusion, t1(5L/(q2)1/2), to that of the chemical re-
action, t3(5(k(CA0CB0)21/2)21), was 43105. The
Damko¨hler number, Dal(5t2 /t3), defined by the ratio of
the time scale of molecular diffusion, t2 (5l2/D), to that of
chemical reaction, t3 , was 43109. Here L is the integral
length scale, q2(5 12(u21v21w2)) is the turbulence kinetic
energy, l is the microscale and D is the molecular diffusivity
of mass. The values of L and l estimated from the decay of
the kinetic energy, q2, were 5.2 and 4.4 mm, respectively.12
The initial concentrations of the two reacting species, CA0
and CB0 , were set to the same value of 0.01 mol m23. The
uranine was homogeneously premixed into both solutions of
A and B at the same concentration of 5.031025 mol m23 to
enable us to measure the concentration by a laser-induced
fluorescence method based on the dependence of fluores-
cence intensity on the pH of the solution,2,13,14,16 as men-
tioned in the following paragraphs. Since the concentrations
of reacting species used here were extremely low, the change
of temperature due to the reaction was negligibly small.
Therefore, the differences in molecular diffusivity, density,
viscosity and reaction rate constant between the reacting and
nonreacting cases were neglected.
Instantaneous velocities in the streamwise and vertical
directions were measured in the region 14<x/M<20 by a
two-component laser-Doppler velocimeter ~LDV!. The laser-
Doppler velocimeter used was a DANTEC 55X Modular
system with a polarization beam splitter ~55X24!, a 40 MHz
Bragg cell and a beam expander, and the laser was a 5 mW
He–Ne laser ~Spectra Physics model 106-1; wave length: l
5632.8 nm). The He–Ne laser beams were introduced from
the sidewall of the test section.
Instantaneous concentrations of reacting and nonreacting
species were measured using a laser-induced fluorescence
~LIF! method, together with the velocities at the same mea-
suring point. For the concentration measurement by the LIF
method, the uranine diffusing in the flow was illuminated by
a high-power single-line mode argon-ion (Ar1) laser
~LEXEL model 95-4; l5488 nm) with 0.8 W power. The
Ar1 laser beam was introduced through the bottom wall of
the test section and it was focused on a measuring point by a
convex lens. The fluorescence from the measuring point was
collected using the same optical system as used in Komori
et al.,2,14,16 and it was detected by a photomultiplier. For
nonreacting flow, instantaneous concentration of the uranine
which was initially premixed in the upper layer was mea-
sured as instantaneous concentration of a nonreacting species
B , CB* , using a proportional calibration curve @Fig. 2~a!#
between the LIF intensity and the concentration of the ura-
nine, CB* . The reason why the uranine was premixed in the
upper layer was to reduce the attenuation along the path of
the laser beam introduced from the bottom wall. From the
concentration of nonreacting species B , instantaneous con-
centration of nonreacting species A , CA* , was determined by
CA*512CB* . For reacting flow, the uranine was initially
premixed in both upper and lower layers at a constant con-
centration and the dependency of the LIF intensity on the pH
of the solution was used to measure CA . The LIF intensity
from the uranine premixed at a constant concentration does
not change in neutral or basic solution (pH>7), but it de-
cays depending on the concentration of the weak acid in the
side of pH,7. Therefore, a nonlinear calibration curve be-
tween the LIF intensity and the concentration of the acetic
acid was obtained in a well mixed tank14,16 as shown in Fig.
2~b!. By using this calibration curve, instantaneous concen-
tration of reacting species A ~acetic acid!, CA , was directly
measured from the LIF intensity.
Strictly, the nonlinear calibration curve @Fig. 2~b!# is ap-
plicable to the LIF method with the spatial resolution smaller
than the Batchelor scale. However, it is confirmed by direct
numerical simulation17 that the spatial resolution smaller
than the dissipation scale is enough to estimate the turbu-
lence statistics. The present spatial resolution was estimated
to be 70 mm from the power spectrum of concentration fluc-
tuation. The resolution was larger than the Batchelor scale of
about 20 mm but it was much smaller than the concentration
dissipation scale of about 1.1 mm. Furthermore, the molecu-
lar mixing thickness at the measurement section of 14
<x/M<20 was roughly estimated to be 100 mm and the
thickness was larger than the present spatial resolution. This
suggests that the concentration does not steeply change
within the present measuring volume and the concentration
field in the measuring volume is close to well-mixed condi-
tion because of the smearing effect of molecular diffusion.
Both the smearing effect and small spatial resolution enabled
us to use the nonlinear calibration curve @Fig. 2~b!# for mea-
suring CA in the region of 14<x/M<20. The details of the
TABLE II. Combinations of species A and B .
Flow type Species A Species B
Nonreacting flow H2O H2O
1
uranine
Reacting flow CH3COOH NH4OH
1 1
uranine uranine
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measuring system have been described in previous
papers.2,14,16
The sampling frequency and the sample size for the ve-
locity and concentration signals were 4.0 kHz and 240 000
points, respectively. The digitized data were recorded by a
data recorder ~SONY PC208AX!, and statistical processing
of the data was performed by a computer ~EPSON Endeavor
Pro-400S!.
For flow visualization by LIF,15 the vertical Ar1-laser
sheet was also introduced through the bottom wall of the test
section. The flow visualization images were captured by a
digital CCD camera ~SONY DCR-VX2000!. The images
covered the area of 14 cm310 cm corresponding to the re-
gion of x/M515.5– 19.0, and each image consists of 340 K
pixels. The shutter speed of the camera was 1/15 s.
III. RESULTS AND DISCUSSION
Figures 3 and 4 show the streamwise and vertical distri-
butions of the mean squared values of the streamwise veloc-
ity fluctuation and vertical velocity fluctuation, u2 and v2.
Here the velocity fluctuations are normalized by the squared
value of the mean velocity, U¯ 2. In the pure GT ~Run I!, the
streamwise and vertical velocity fluctuations have almost the
same values and decay following by a power law with an
exponent of 1.47. The value of the exponent compares well
with the values from the previous measurements.2 The cor-
relation coefficient between u and v , Ruv5uv/Au2/Av2,
was almost equal to zero in the whole region. The results
show that isotropic homogeneous turbulence is developed in
the flow downstream of the turbulence-generating grid, and
the effects of the splitter plate installed before the grid on
turbulent motions were also confirmed to be negligibly small
by comparing the turbulence intensities between two cases
with and without the splitter plate. On the other hand, the
turbulence intensities in the streamwise and vertical direc-
tions are enhanced both in the GT with ultrasound ~Run II!
and in the GT with mean shear ~Run III!. Around the center-
line of the test section, the turbulence intensities in both
streamwise and vertical directions are larger in the GT with
mean shear ~Run III! than those in the GT with ultrasound
~Run II!. At x/M518, in the GT with ultrasound ~Run II!,
both the mean-squared values of the streamwise and vertical
velocity fluctuations, u2 and v2, become about 1.5–2.3 times
larger than those in the pure GT ~Run I!. On the other hand,
in the GT with mean shear ~Run III!, although u2 and v2 on
the centerline (y /M50) where the vertical velocity gradient
is large are about 5.3 times and 4.4 times larger than those in
FIG. 2. Calibration curve between the normalized LIF intensity and the
instantaneous concentration; ~a! linear relation between LIF intensity and
concentration of nonreacting species B; ~b! nonlinear relation between LIF
intensity and concentration of reacting species A .
FIG. 3. Streamwise distributions of the mean-squared values of streamwise
and vertical velocity fluctuations at y /M50.0: m, u2/U¯ 2 in the pure GT
~Run I!; n, v2/U¯ 2 in the pure GT ~Run I!; d, u2/U¯ 2 in the GT with
ultrasound ~Run II!; s, v2/U¯ 2 in the GT with ultrasound ~Run II!; j, u2/U¯ 2
in the GT with mean shear ~Run III!; h, v2/U¯ 2 in the GT with mean shear
~Run III!.
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the pure GT ~Run I!, respectively, the differences decrease
around y /M561.0, where the vertical velocity gradient is
small.
A main reason of the enhancement for the turbulence
intensities in the GT with ultrasound ~Run II! is Eckart-type
acoustic streaming. The governing equations of Eckart-type
acoustic streaming are the equation of continuity and the
Navier–Stokes ~NS! equation in an incompressible fluid.
When ultrasound is introduced vertically as in the present









Here r is the density of the static fluid, P is the instantaneous
pressure, V is the instantaneous vertical velocity, and Fy is
the driving force of the acoustic streaming. If the ultrasonic






Here E is the time-averaged energy density of the ultra-
sound. Equation ~2! means that the energy gradient of an
ultrasonic wave is the driving force of acoustic streaming. As
the ultrasonic wave propagates, the acoustic intensity de-
creases (dE/dy<0, i.e., Fy>0) owing to both the viscosity
of liquid and the nonlinearity of ultrasound. This mechanism
causes acoustic streaming.
Figure 5 shows the streamwise distributions of the ver-
tical mass flux of species A , vcA, in the nonreacting case
together with those in the reacting case. Here the fluxes are
normalized by the mean velocity U¯ and the initial concen-
tration of species A , CA0 . The vertical mass transport in the
GT with mean shear ~Run III! is stronger than that in the GT
with ultrasound ~Run II! in the whole region. However, the
difference in vcA between the nonreacting and reacting cases
is larger in the GT with ultrasound ~Run II! than that in the
GT with mean shear ~Run III!. This means that the chemical
reaction in the GT with ultrasound ~Run II! is promoted more
than in the GT with mean shear ~Run III!.
To show the difference in the mean chemical reaction
rate between the three flows, the streamwise distributions of
the mean concentrations of species A and the chemical prod-
uct P , CA, and CP, in the reacting case are shown in Fig. 6.
The mean concentrations are normalized by the initial con-
centration of species A , CA0 . The mean concentration of the
chemical product P , CP, is found from
FIG. 4. Vertical distributions of the mean-squared values of streamwise and
vertical velocity fluctuations at x/M518 in ~a! in the GT with ultrasound
~Run II! and the pure GT ~Run I! and ~b! in the GT with mean shear ~Run
III! and the pure GT ~Run I!. Symbols as in Fig. 3.
FIG. 5. Streamwise distributions of the normalized vertical mass flux of
species A at y /M50.0: m, in the nonreacting pure GT ~Run I-NR!; n, in
the reacting pure GT ~Run I-R!; d, in the nonreacting GT with ultrasound
~Run II-NR!; s, in the reacting GT with ultrasound ~Run II-R!; j, in the
nonreacting GT with mean shear ~Run III-NR!; h, in the reacting GT with
mean shear ~Run III-R!.
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CP/CA052~CA*2CA!/CA0 , ~3!
where CA* is the concentration of the nonreacting species A .
In order to derive Eq. ~3!, we used the following three ex-
perimental conditions mentioned in Sec. II.
~i! The reaction does not affect the flow field. That is, the
reaction rate constant and fluid properties do not
change depending on the reaction.
~ii! Molecular diffusivities of reacting and nonreacting
species A and B have the same value.
~iii! The initial concentrations of species A and B have the
same value.
The details of the derivation are described by Komori et al.16
It is confirmed that the progress of the chemical reaction
results in the decrease of species A and the increase of
chemical product P in the streamwise direction. The trends
are more notable in the GT with ultrasound ~Run II! than in
the GT with mean shear ~Run III!. Figure 7 shows the verti-
cal distributions of the mean concentration of chemical prod-
uct P obtained at x/M518 together with those of species A .
In the GT with ultrasound ~Run II! and the GT with mean
shear ~Run III!, the vertical gradients of the mean concentra-
tion of nonreacting species A are gentle, compared to that in
the pure GT ~Run I!. This means that turbulent mixing is
enhanced by ultrasonic irradiation or mean fluid shear. The
vertical distribution of the mean concentration of nonreacting
species A in the GT with ultrasound ~Run II-NR! is close to
that in the GT with mean shear ~Run III-NR!. Furthermore, it
was found from the mass balance in the region of 0<x/M
<18 that the two ultrasound and mean-sheared cases have
almost the same amount of the nonreacting chemical species
A vertically transported by turbulent motions across the hori-
zontal plane of y /M50 in the region of 0,x/M,18. This
also means that the turbulent mass transport rate in the ver-
tical direction is set to be almost equivalent between the two
flows, as mentioned in Sec. II. Despite the almost the same
amounts of the vertically transported reactant in Runs II and
III, the chemical reaction is more promoted in the whole
region of y /M in the GT with ultrasound ~Run II-R! than in
the GT with mean shear ~Run III-R!. This is in agreement
with the trends seen in the streamwise distributions of mean
concentrations in Fig. 6.
To compare quantitatively the effects of the ultrasound
and mean shear on the chemical reaction, the mean concen-
tration of the chemical product P at x/M518 was integrated






Here, it should be noted that CP(y) and uU(y)2Uau have
symmetric vertical distributions with respect to the horizon-
tal plane of y /M50 in the GT with means shear ~Run III!.
The total amount of the chemical product, PT , is compared
for the three reacting flows in Fig. 8. The value of PT in the
GT with ultrasound ~Run II! is 2.2 times larger than PT0 in
the pure GT ~Run I!, whereas PT in the GT with mean shear
~Run III! is 1.6 times larger. It is concluded that high-
frequency ultrasound is more effective as a tool for promot-
ing chemical reaction than is mean fluid shear.
Despite the larger vertical mass flux in the GT with mean
shear ~Run III! than in the GT with ultrasound ~Run II! ~see
Fig. 5!, the total amount of the chemical product in the GT
with ultrasound ~Run II! is much larger than that in the GT
with mean shear ~Run III!. To explore this, we calculated the
power spectra of the vertical velocity fluctuation, v , and the
cospectra of the vertical velocity fluctuation, v , and the con-
centration fluctuation of nonreacting species A , cA . The
power spectra and the cospectra multiplied by the frequency
f are shown at y /M50 and y /M520.6 in Figs. 9 and 10,
respectively. The area bounded by a cospectrum curve corre-
sponds to the vertical mass flux in nonreacting condition.
FIG. 6. Streamwise distributions of the mean concentrations of ~a! species A
and ~b! chemical product P at y /M50.0: n, CA/CA0 in the pure GT; m,
CP/CA0 in the pure GT; s, CA/CA0 in the GT with ultrasound; d, CP/CA0
in the GT with ultrasound; h, CA/CA0 in the GT with mean shear; j,
CP/CA0 in the GT with mean shear.
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The vertical turbulent motions are enhanced at all scales in
both the GT with ultrasound ~Run II! and the GT with mean
shear ~Run III!. Particularly in the GT with mean shear ~Run
III!, the vertical fluctuation is more strongly promoted in the
range of 0.5 Hz< f <5 – 7 Hz than in the GT with ultrasound
~Run II!. But there the mass transfer is not always larger than
that in the GT with ultrasound ~Run II! and it becomes rather
smaller in the high-frequency region of f >7 Hz even on the
centerline with the larger vertical turbulence intensity. On the
other hand, the mass transfer in the GT with ultrasound ~Run
II! is promoted at all scales and vertical turbulence intensity
in the region away from the centerline overcomes the inten-
sity at small scales in the sheared case ~Run III! as shown in
Fig. 9~b!. In other words, the ultrasound deforms the inter-
face between two reactive fluids up to the small scales, and
complicatedly distributes the deformed interface over the
wide region between the centerline and the walls, compared
FIG. 7. Vertical distributions of the mean concentrations of species A and
chemical product P at x/M518 in ~a! the pure GT, ~b! the GT with
ultrasound, and ~c! the GT with mean shear: d, CA*/CA0 in nonreacting
condition; s, CA/CA0 in reacting condition; h, CP/CA0 in reacting con-
dition.
FIG. 8. Comparison of the amounts of chemical product P at x/M518 in
the three reacting flows.
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to the sheared case. Therefore, the chemical reaction
progresses more rapidly in the GT with ultrasound ~Run II!
than that in the GT with mean shear ~Run III!.
Though the vertical turbulence intensity in the GT with
mean shear ~Run III! is larger or almost the same on the
centerline of y /M50 in the range 0.5 Hz, f ,20 Hz than in
the GT with ultrasound ~Run II!, as shown in Fig. 9~a!, the
vertical mass flux in the GT with mean shear ~Run III! is
smaller in the range 5 Hz, f ,20 Hz than in the GT with
ultrasound ~Run II!, as shown in Fig. 10~a!. The reason why
the vertical mass flux does not follow the vertical turbulence
intensity in the GT with mean shear ~Run III! especially on
the central region can be explained as following. In the GT
with mean shear ~Run III!, large-scale eddies are directly
generated by mean fluid shear and smaller-scale eddies are
mainly generated in the central region through the cascade
process. Therefore, the small-scale eddies generated by mean
fluid shear are not always distributed in the interfacial region
between the two reactants where the mass transfer rate is
large, but the small-scale eddies mainly prevail in the central
region around y /M50 where the species A and B have been
fully mixed by vortical motions in the upstream region. This
results in no increase of the vertical mass flux on the center-
line in the frequency range of 5 Hz, f ,20 Hz and the
equivalent mass flux at small scales to that the pure GT ~Run
I!. On the other hand, the ultrasound generates the eddies
with both large and small scales in the whole region between
the centerline and the walls as shown in Fig. 4~a!, and the
strongly deformed interfacial area of species A and B widely
FIG. 9. Power spectra of vertical velocity fluctuation; ~a! x/M518 and
y /M50.0, ~b! x/M518 and y /M520.6. , in the pure GT ~Run I!;
, in the GT with ultrasound ~Run II!; , in the GT with mean shear
~Run III!.
FIG. 10. Cospectra of vertical velocity fluctuation and concentration fluc-
tuation of species A in nonreacting condition; ~a! x/M518 and y /M50.0,
~b! x/M518, and y /M520.6. Lines as in Fig. 9.
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distributes not only in the central region but also in the outer
region. This results in the increase of the vertical mass flux
and strong promotion of chemical reaction owing to turbu-
lent mixing at small scales in the GT with ultrasound ~Run
II!.
These results on turbulent mixing can also be confirmed
by visualizing the flows. Figure 11 shows images of turbu-
lent mixing for the three flows in the nonreacting cases. The
photographs were taken in the region of 15.5<x/M<19.0
and the flow direction was from right to left. It is found that
in the GT with ultrasound ~Run II-NR! the interface between
species A and B is expanded in the vertical direction and the
species are well mixed at fine scales. On the other hand, in
the GT with mean shear ~Run III-NR!, the vertical mass
transfer is obviously promoted, but the scales of the shear-
generated eddies are larger than those in other flows and the
species are less well mixed.
IV. CONCLUSIONS
The effects of high-frequency ultrasound and mean fluid
shear on turbulent mixing with a rapid chemical reaction
were experimentally investigated in three types of turbulent
liquid mixing-layer flow downstream of a turbulence-
generating grid. The main results obtained from this study
can be summarized as follows.
Despite the enhancement of turbulent mass transport rate
at an equivalent level, the difference in the turbulent mixing
details between two reacting flows with ultrasonic irradiation
and mean fluid shear considerably affects the progress of
chemical reaction. In grid-generated turbulence with ultra-
sonic irradiation, the reactants are transferred at both large
and small scales, so that the area of interface between two
reactive fluids is enlarged. As a result, chemical reaction is
strongly enhanced by ultrasonic irradiation. In grid-generated
turbulence with mean fluid shear, the turbulent mixing is
enhanced by mean fluid shear mainly at large scales, and
therefore chemical reaction is not enhanced as much as in the
grid-generated turbulence with ultrasonic irradiation. Thus
the use of high-frequency ultrasound is a more promising
technique for promoting turbulent mixing and chemical re-
action than the use of mean fluid shear.
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